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Carbon  fibers  and  glass  fibers  in  brittle  metrics  fracture  by  a  number  of  dis¬ 
tinguishable  mechanisms,  matrix  cracking,  failure  of  the  fiber-matiix  bond,  fiber 
fracture,  fiber  pull-out,  and  so  forth.  A  large  amount  of  data  of  fiber  debond 
length  and  fiber  pull-out  length  have  been  collected  and  summarized  in  cumulativej 
probability  diagrams  which  show  the  distribution  of  extreme  values.  Models  of 
fracture,  together  with  the  fracture  data  are  used  to  construct  fracture  energy 
diagrams  which  show  the  origins  of  toughness  and  the  dominate  mechanism  of 
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failure.  Failure  analyses  have  been  carried  out  on  glass  fibers  and  carbon 
fibers  in  epoxy  and  polyester  resins,  and  on  hybrid  composites.  Certain 
generalisations  about  fracture  behavior  can  be  drawn  from  comparisons  of  the 
cumulative  probability  and  fracture  energy  diagrams. 
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ABSTRACT 


Cubon  fibers  and  glass  fibers  In  brittle  matrices  fracture  by  a  number 
of  distinguishable  mechzuilsms,  matrix  cracking,  failure  of  the  fiber- 
matrix  bond,  fiber  fracture,  fiber  pull-out,  emd  so  forth.  A  large 
amount  of  data  of  fiber  debond  length  and  fiber  pull-out  length  have  been 
collected  and  summarized  In  cumulative  probability  diagrams  which  show 
the  distribution  of  extreme  values.  Models  of  fracture,  together  with 
the  fracture  data  sure  used  to  construct  fracture  energy  diagrams  which 
show  the  origins  of  toughness  and  the  domlnsuit  mechanism  of  failure. 
Failure  analyses  have  been  csurrled  out  on  glass  fibers  eund  carbon  fibers 
In  epoxy  and  polyester  resins,  smd  on  hybrid  composites.  Certain 
generalisations  sibout  fracture  behaviour  csm  be  drawn  from  comparisons 
of  the  cumulative  probability  and  fracture  energy  diagrams. 


IMTOODOCTICTt 


There  exists  a  niimber  of  distinguishable  mech2misms  by  which  a  fibrous 
coa^slte  can  fall;  by  matrix  cracking;  by  fiber-matrix  debonding,  by 
fiber  fracture,  by  fiber  pull-out  ai^  so  forth  (Fig.  1) .  Models  to 
describe  failure  processes  like  these  ceui  be  derived;  they  cure  based  on 
direct  microscopic  observation  of  fibers  debonding,  snapping  auid  pulling 
out  of  cracked  matrices.  Three  mechanisms  will  be  described  by  which  a 
fibrous  composite  can  fail,  usiivg  a  sequence  in  which  they  may  occtir. 

An  equation  will  be  selected  for  each  mechanism,  based  on  a  physically 
sound  microscopic  model,  to  describe  qucuititatively  each  failure  process. 
A  large  amount  of  fracture  data  for  glass  fibers  and  carbon  fibers  in 
polyester,  epoxy,  and  hybrid  composites  will  be  presented  in  cumulative 
probability  diagrams.  These  diagrams  are  based  on  fractographic 
Information  on  fiber-matrix  debonding  and  fiber  pull-out  processes 
and  show  the  probability  of  a  fiber  debonding  over  a  particular  disteuice 
and  pulling  out  over  a  certain  length  during  composite  fracture. 

Each  failure  model  is  then  used  in  turn,  together  with  the  failure  data 
to  estimate  the  energy  dissipated  by  the  various  fracture  mectumisms 
during  crack  propagation.  The  energy  data  cure  displayed  in  fracture 
energy  diagrams  \rhich  show  fracture  energy  as  a  function  of  the  nixnber 
of  fibers,  or  in  the  case  of  the  hybrid  composite,  proportion  of  the  two 
kinds  of  fiber.  Comparison  is  then  made  between  theory  and  experimental 
work  of  fracture  data,  and  between  diagrams,  and  the  dcminemt  mechemlsm 
of  failure  is  appeurent.  Certain  generalisations  about  fracture  behaviour 
between  materials  can  be  drawn.  Each  mechemism  will  undoubtedly  depend, 
in  its  own  way  on  environment,  temperature  auid  humidity,  for  example; 
at  this  time,  attention  is  pad.d  to  fracture  under  ambient  conditions, 
although  comment  is  made  off  an  aging  effect. 

An  Importemt  point  to  remember  is  that  when  moving  from  one  composite 
system  to  another,  the  dominant  mechanism  of  fracture  may  chamge. 

Another  point  worth  emphasizing  is  that  the  sequence  of  microscopic 
failure  events  cam  vary  from  one  cooposite  to  autother,  auid  the  energies 
dlasd-pated,  and  their  origins,  can  be  quite  different  in  the  crack 
initiation  amd  crack  propagation  stages  of  fracture. 

The  properties  of  glass  fibers,  carbon  fibers  amd  a  typical  polyester 
or  epoxy  resin  aure  listed  in  Table  1. 
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MODELLING  MICROMECHftNISMS  OF  FRACTURE 

Consider  the  propagation  of  a  crack  In  a  brittle  matrix,  auround  and 

beyond  a  long,  strong  fiber,  glass  fiber  in  polyester,  for  instance, 

(Fig.  2) .  Localised  stresses  at  the  tip  of  the  crack  are  likely  to 

cause  a  breakdovm  of  the  fiber-matrix  bond.  Under  conditions  of  Increasing 

load,  the  crack  faces  of  the  matrix  separate  and  the  interfacial  debonded 

region,  on  either  side  of  the  matrix  crack,  extends.  Relative  displacement 

between  fiber  and  matrix  can  then  occur  over  the  entire  length  of  debonded 

fiber.  Provided  the  fiber  still  interacts  in  some  way  with  the  matrix, 

by  mechanical  keying  at  the  Interface,  for  instance,  a  frictional  (sliding) 

sheeu:  force  is  established  soon  after  the  bond  fails.  The  distance  over 

which  this  shear  force  acts  is  approximately  equal  to  the  product  of  the 

debonded  length  of  fiber,  and  the  differential  failure  strain  of 

fiber  and  matrix,  Ae.  Since  the  initial  frictional  shear  force,  Tird(i^/2), 

acta  in  each  direction  from  the  fracture  surface  of  the  matrix  over  a 

distance,  AeX,/2,  the  work  done  per  fiber  is  (1,  2) 
d 

Vf  “ 

=  TTdTi^^  e^/2  (2) 

provided  e. »  e  .  This  is  a  reasonable  assumption  for  a  brittle  matrix 
f  m 

>diich  cracks  at  low  strains .  (d  is  the  diameter  of  fiber) . 

The  load  on  a  fiber  is  a  maximimi  in  the  debonded  region  auod  as  it 
increases  the  fiber  is  likely  to  break  at  a  flaw  somewhere  along  its 
debonded  length  (Fig.  3) .  The  localised  elastic  work  of  tensile  deformation, 
W^,  in  the  fiber  over  a  length,  (sometimes  referred  to  as  fiber 
debonding  energy  (3)),  can  be  expressed  as 

W.  -  ird^a  2  £./8E.  (3) 

d  r  a  r 

This  equation  does  not  account  for  the  recoverable  energy  eis  the  load 
builds  up  in  the  fiber  over  a  distance  ^^72  from  the  point  of  fiber  fracture* 
(4,5).  0^  and  E^  eu;e  the  tensile  strength  and  Young's  nxidulus  of 

the  fiber,  respectively. 

Provided  there  is  some  kind  of  interaction  between  the  debonded  fiber 
end  and  matrix,  then  a  frictional  (sliding)  shear  force  opposes  any  applied 
force  to  extract  the  fiber  (6),  (Pig.  4).  The  total  frictional  work  of 
pull-out  is 

*  A  critical  fiber  length,  is  defined  as  the  smallest  length  of  fiber 
which,  when  embedded  in  a  matrix,  can  be  loaded  to  its  breetking  point. 


A  loaded  fiber  debonds  and  slips  in  the  matrix  socket  behind 
an  advancing  crack  front. 


A  broken  fiber  pulls  out  of  its  matrix  socket  as  the 
fracture  svurfaces  of  the  cracked  matrix  separate. 
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W  ■  irdTi  ^/2  (4) 

P  P 

The  average  work  to  extract  a  fiber  whose  embedded  length  lies  between 
O  wd  iSr  therefore, 

W  »  irdTi  2/6  a  <  z  /2)  (5) 

P  P  P  c 

assuming  a  consteuit  frictional  shear  stress,  t. 


The  frictional  shear  stress  can  be  estimated  using  the  expression  (1) 


T  =  d/21  (6) 

f  c 

In  a  fiber  pull-out  experiment,  the  meucimum  length  of  fiber  that  cam  be 

extracted  from  a  block  of  matrix  without  first  breaking  is  equal  to  i  /2. 

c 

Equations  (2)  and  (5)  can  be  rewritten,  therefore,  in  terms  of  Z,  auid  Z  ; 

d  p 


%  -  1/24 


(8) 


In  each  model,  the  work  done  is  directly  proportional  to  the  number  of 
fibers  amd  each  mechanism,  in  its  own  way,  is  sensitive  to  the  interfacial 
sheair  stress.  We  have  assumed  that  the  interfacial  sheaur  stress  is  a 
constant.  This  may  not  be  true?  the  frictional  shear  stress  depends 
upon  the  radial  force  exerted  by  the  matrix  onto  the  fiber  which  is 
likely  to  be  sensitive  to  the  spacing  between  fibers  amd  fiber  bundles. 


From  the  above  relationships,  we  cam  identify  three  contributions  to  the 

total  work  to  fracture  the  composite.  The  work  to  fracture  the  composite 

cam  be  written  in  terms  of  Z,  and  Z  ; 

d  p' 

»  (ird2/4)  [  Oa^e^)  +  (a^^Z^/E^)  +  (a^Z^)  J  (9) 

where  Z.  is  the  distamce  over  which  the  fiber  has  debonded  and  Z  is  the 
d  p 

maximum  fiber  pull-out  length. 


FAILURE  ANALYSIS 
Statistical  methods 

The  statistical  prediction  of  failure  relie  >  on  the  chauracterisation  of  a 
flaw  strength  distribution  function.  One  form  of  the  extreme  value 
distribution  is 

S  ■  exp  (-  V  (10) 

Where  S  is  the  probability  of  survival,  a  is  an  applied  stress  on  a 
specimen  of  volume  V,  and  m  and  are  the  extreme  value  distribution 
parameters.  The  vau:lad>llity  of  a  set  of  data  decreases  as  m  increases; 


m  eu)d  a  therefore  characterise  the  material  for 'prediction  of  structural 
o 

relieiblllty . 

In  logarithmic  form,  equation  (10)  can  be  vnrltten 

In  (-In  S)  *  rndno  -  Ina  )  (11) 

o 

m  Is  the  gradient  of  a  lineeu:  plot  of  In  (-In  S)  emd  In  a,  and  1  »  1 

o 

vdien  S  ■  e~^  =  0.37. 

Each  mechaunlsm  of  failure  in  a  fiber  composite  is  affected  by  the 
statistical  aspects  of  fiber-matrix  bond  strength  emd  the  distribution 
of  weak  points  along  the  fiber.  This  is  why  a  broken  fiber  composite 
has  a  variability  of  lengths  of  fibers  protruding  above  the  fracture 
surface.  A  qucuititative  assessment  of  failure  therefore  requires  a 
statistical  zmalysls  of  the  micromechcmisms  of  fracture;  ^iber  pull-out 
length,  for  example,  is  likely  to  be  affected  by  the  distribution  of 
weak  flaws  along  the  length  of  fiber.  Equation  (10)  can  be  written  in 
terms  of  the  probeUsility  of  a  fiber  debonding  or  pulling  out  over  a 
peurticular  distance,  I, 

E(l)  =  exp  (VJtjj)®  (V  =  1)  (12) 

The  mean  value,  1,  of  a  distribution  of  data  of  the  form  ' 

Pd)  =  fd)  (13) 

C2U1  be  expressed  as 

_  f 

1  =  d  dP/dl)  d£  (14) 

J  ll 

For  the  case  of  am  extreme  value  distribution,  the  mean  value,  1, 
can  be  expressed 

f 

I  =  md/l  )“  exp  (-  d/1  )“)dl  (15) 

J  «  o  o 

^  ll 

amd  1  determined  from  known  values  of  m  and  1  . 

o 

Cumulative  probability  diagrams  cam  summaurlze  a  considerable  amount  of 
fractographic  Information  on  fiber-matrix  debonding  and  fiber  pull-out. 
They  show  a  distribution  of  extreme  values  of  fiber  lengths  aund  by 
presenting  the  data  in  logaurlthmic  form  (equation  11) ,  vaU.ues  of  m  and 
cam  be  determined.  'Hiese  parameters,  together  with  equation  (15) 
are  used  to  determine  values  of  I  for  fiber  debonding  amd  fiber  pull-out. 


The  procediire  is  as  follows;  2i£ter  fractvire,  an  attempt  Is  made  to 
assign  a  mode  of  failure  to  a  group  of  specimens,  based  on  fractographic 
observations  of  fiber  debonding  and  fiber  pull-out.  Model  con^sites 
in  the  form  of  a  prismatic  bar  of  trcuisparent  resin  containing  a  layer 
of  unidirectional  fiber  tape  cam  be  used  for  this  purpose.  Figure  5 
shows  such  a  beam  loaded  in  3-point  bending.  In  this  case,  close  to  the 
tensile  face  of  the  specimen,  is  a  single  tow  of  carbon  fibers 
containing  5, OCX)  individual  filaments  emd  two  stramds  of  glass  fibers 
on  either  side,  each  strand  containing  1,600  individual  filaments. 

Bundles  of  glass  fibers  and  caurbon  fibers,  like  these,  cam  be  aurranged 
in  various  ways  to  produce  a  series  of  composites  ramglng  from  a  glass 
fiber  composite  to  a  caurbon  fiber  composite,  with  mamy  combinations  of 
glass  amd  carbon  fibers  between  the  two  extremes,  (Fig.  6) . 

A  precise  measurement  of  fiber  debond  length  and  fiber  pull-out  length 
after  con^slte  fracture  is  important.  An  optical  microscope  cam  be 
used  for  this  purpose.  Tracings  acre  made  of  each  protruding  bundle  of 
fibers,  caurefully  following  the  dark  outline  of  the  pulJed-out  fibers  amd 
the  fracture  plame  of  the  matrix.  Similarly,  tracings  aure  made  of  the 
debonded  fiber  regions  which  are  clearly  visible  in  reflected  light. 

An  average  value  of  the  longest  fibers  extracted  from  the  matrix  and 
an  average  value  for  the  length  of  debonded  fibers  for  each  bundle  of 
fibers  is  determined  by  dividing  the  area  of  each  tracing  by  the  width 
of  the  bundle,  (Fig.  7) .  If  there  are  5  stramds  of  glass  fiber  in  each 
specimen  in  a  group  of  20  specimens,  for  example,  then  200  tracings  are 
made  of  protruding  fibers  and  200  tracings  of  debonded  fibers,  since 
both  halves  of  each  specimen  cw  be  examined.  Values  of  fiber  debond 
length  emd  fiber  pull-out  length  eure  tabulated  and  ciunulatlve  probability 
diagrams  constmicted .  If  we  assume  a  normal  distribution  of  pulled  out 
fiber  ends  between  O  emd  then  the  average  length  of  extracted  fiber 
is  2p/2. 

The  work  to  fracture  each  composite  is  determined  by  integrating  the 
load/displacement  relationship  obtained  in  the  3 -point  bending  experiment. 
For  glass  fiber  and  ceurbon  fiber  composites,  the  work  of  fracture  is  some 
2-3  orders  of  magnitude  greater  them  the  work  of  fracture  of  pure  resin. 

We  have  chosen,  therefore,  to  normalise  our  work  of  fracture  values  with 
cross-sectional  eurea  of  the  fibers.  In  this  way,  comparison  between  the 
models  of  fracture  emd  experiment  can  be  made. 


Pig.  5  A  bar  of  transparent  resin  containing  a  single  layer 
of  unidirectional  hybrid  tape  close  to  the  tensile 
face  in  a  3-point  bend  test.  Ihe  centre  bundle  or 
tow  of  carbon  fibres  contains  5000  individual  fila¬ 
ments.  IWo  str£uids  or  rovings  of  glass  fibers  contain 
ing  1600  filaments  are  cn  either  side.  (Dimensions  of 
the  specimen  are  200  mm  x  10  mm  x  2  mm) . 


A  photomicrograph  (b)  of  a  central  tow  of  carbon 
fibres  with  two  strands  of  glass  fibers  on  either 
side.  Ihe  broken  half  of  a  specimen  shows  profiles 
of  pulled  out  fibers  (dark  regions)  emd  debonded 
fibers  (light  regions) .  Ihe  sketch  (a)  represents 
the  pulled  out  and  debchded  fibers  of  one  of  the  glass 
fiber  strands,  defining  I  and  £... 


Figure  8  shows  cumulative  probability  versus  fiber  debond  length,  1^, 

for  different  nvnbers  of  glass  fibers  in  epoxy.  Ihe  data  does  not 

overlap  but  are  displaced  slightly  to  higher  values  of  1.  as  the 

d 

number  of  fibers  increases.  It  seems  that  the  debonding  process  is 
sensitive  to  the  number  of  glass  fibers  in  the  resin.  It  is  interesting 
to  note,  (ad. though  it  is  not  obvious  vdiy) ,  the  data  for  N  >  4800  fibers 
falls  to  the  right  of  the  data  for  N  «  6400  fibers.  This  appaurent 
reversal  in  trend  in  the  shift  of  cumulative  probability  data  will  be 
referred  to  later  when  we  discuss  fracture  energy.  A  similar  shift 
of  data  towards  higher  fiber  lengths  is  observed  for  pulled  out  fibers 
(Fig.  9)  .  Ttie  appaurent  oddity  in  this  case  is  the  disproportionate 
displacement  of  data  for  N  «  8000  fibers.  Metallographic  examination 
of  various  specimens  showed  excellent  penetration  of  the  fibers  with 
resin  and  the  idea  that  poor  wetting  of  the  fibers  is  responsible  for 
the  movement  of  data  to  higher  values  is  not  correct. 

The  extreme  value  distribution  equation  can  describe  each  set  of  data. 
The  parameters  m  and  which  appear  in  equation  (12)  and  later  in 
equation  (15)  are  determined  by  replotting  the  data  in  logarithmic  form, 
(Fig. 10) .  Presenting  data  in  this  way  is  useful  for  cheuracterlsing 
modes  of  failure  and  for  observing  the  subtle  effects  of  environment, 
moisture  for  instance.  Later  in  this  section,  we  show  the  effect  of 
aging  on  the  distribution  of  extreme  veilues  of  fiber  debonding  emd  fiber 
pull-out . 

Combining  equation  (15)  with  values  of  m  emd  enables  us  to  determine 

the  mean  length  of  debonded  euid  pulled  out  fibers.  Table  II  lists 

values  of  m,  I  and  i  for  the  debonding  and  pulling  out  of  glass  fibers 
o 

in  epoxy.  For  comparison,  values  of  the  eurlthmetlc  mean  of  fiber 
debond  length  and  fiber  pull-out  length  are  shown  alongside  i  calculated 
using  equation  (15) . 

In  view  of  the  agreement  between  the  two  methods  of  determining  I,  the 
aurithmetic  means  of  fiber  debond  length  and  fiber  pull-out  lengths, 
together  with  the  expressions  of  fracture  energy,  are  used  to  estimate 
the  energy  of  each  mechanism  of  failure  and  total  theoretical  fracture 
energy  of  the  composite.  A  diagram  of  fracture  energy  versus  number 
of  glass  fibers  (Fig .11)  shows  the  estimated  energy  dissipated  during 


Extreme  value  distributions  of  lengths  of  pulled  out 
glass  fibers  in  epoxy  obtained  frcra  measurements  made 
on  the  specimens  used  to  construct  Fig.  8. 


TABLE  II 


-  10 


the  post -debond  fiber  sliding  mechanism  (equation  7) .  The  relationship 
Is  not  a  simple  llneeu:  one  as  one  vreuld  expect  from  the  form  of  the 
equation;  the  cumulative  probability  data  showed  fiber  debond  length 
to  be  sensitive  to  the  number  of  fibers  In  the  composite.  We  recall  that 
It  Is  the  square  of  the  fiber  deboiid  length  and  number  of  fibers  which 
appears  In  the  post-debond  fiber  sliding  equation.  The  plateau  to  the 
curve  reflects  the  reversal  in  the  trend  in  shift  of  cumulative  probediility 
data  for  N  »  64CX)  fibers  to  which  reference  was  made  earlier. 

An  estimation  of  the  fiber  debond  energy  (equation  3)  Is  shown  in  the 
next  diagram  (Fig. 12) .  At  first  sight,  the  shape  is  lineeur  but  closer 
examination  shows  a  smooth  curve  with  a  gradually  increasing  slope. 

It  reflects  the  dependence  of  fiber  debond  length  on  the  nimber  of  glass  fiber 
strands.  The  plateau  shown  In  the  previous  figure  Is  less  obvious  since 
fiber  debond  energy  Is  directly  proportional  to  the  length  of  debonded 
fiber.  The  energy  dissipated  In  this  way  Is  slgnlflcauitly  less  than  the 
work  done  In  the  post -debond  fiber  sliding  mechanism. 

The  work  to  pull  broken  glass  fibers  out  of  a  cracked  matrix  (equation  8) 
is  of  a  similar  order  of  magnitude  as  the  fiber  debond  energy  (Fig. 13) . 

Both  figures  have  a  similar  shape;  the  Increase  In  gradient  of  the  curve 
at  the  high  numbers  of  fibers  originates  from  the  high  values  of  fiber 
pull-out  length  shown  previously  in  the  cumulative  probability  data  for 
N-8000  fibers. 

The  result  of  summing  these  3  energy  parameters  (equation  9)  is  shown  In 

Figure  14.  Apart  from  a  small  rise  in  the  curve  at  N=5000  fibers, 

approximately.  It  Is  a  smooth  curve  with  a  gradually  increasing  slope 

as  the  number  of  fibers  Increases.  Comparison  of  the  empirical  diagram 

with  experimental  work  of  fracture  data  shows  remarkadsle  likeness  In 

shape  and  magnitude  (Fig.  15)  .  From  observations  of  the  fracture  of  glass  fibers 

In  epoxy  we  know  that  the  composite  exhibits  all  the  common  modes  of 

failure;  matrix  cracking,  fibers  debonding,  fibers  snapping  and  fibers 

pulling  out.  The  domlnemt  toughening  mechanism  appeeurs  to  be  post-debond 

sliding  between  fiber  and  matrix;  the  breakage  of  fibers  and  the  pulling 

out  of  the  broken  fiber  ends  dissipates  similar  amounts  of  energy  and 

together  contribute  little  more  them  one-queurter  of  the  total  fracture 

energy  of  the  ccxnposlte. 
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Fig.  11  .  An  estimation  of  the  energy  dissipated  during  post-debond 

sliding  of  glass  fibers  in  their  epoxy  matrix  sockets,  based 
on  data  of  fiber  debond  length  and  fiber  pull-out  length, 
together  with  eq.  (7) . 
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An  estimation  of  the  release  of  stored  elastic  strain 
energy  when  a  debonded  glass  fiber  snaps,  based  on 
data  of  fiber  debond  length,  together  with  eq.  (3), 
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Pig.  13  An  estimation  of  the  work  done  in  pulling  broken 
glass  fibers  out  of  their  epoxy  matrix  sockets, 
based  on  data  of  fiber  pull-out  length,  together 
with  eq.  (3) . 
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Fig.  14  Total  theoretical  fracture  energy  of  glass  fibers  In 

epoxy  determined  by  combining  dat^  of  fiber  debond  length 
and  fiber  pull-out  length  with  eq.  (9). 
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Fig.  15  E}^erimental  work  of  fracture  for  glass  fibres 
in  epoxy. 
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Some  of  the  glass  fiber-epoxy  specimens  were  stored  at  18  (±2>_  C, 

65  %  R.  H.  for  6  months  before  testing.  The  distemces  over  which  the 
fibers  debonded  and  pulled  out  are  shown  in  cumulative  probability 
diagrams  (Figs.  16,  17}  .  In  one  case,  aging  of  the  con^site  has  resulted 
in  the  data  being  displaced  to  lower  values  of  debonding.  The  inference 
is  that  the  aging  process,  (by  whatever  mezms) ,  has  Increased  the  strength 
of  the  glass  fiber-epoxy  bond  with  a  corresponding  decrease  in  the 
distzuice  over  vAiich  the  fiber  debonds.  It  may  be  that  additional 
curing  and  cross-linking  of  the  resin  with  time  is  responsible  for 
improvement  in  bonding,  an  effect  of  the  matrix  contracting  zuround 
the  fibers.  If  this  is  true,  then  zui  increase  in  bond  strength,  together 
with  a  decrease  in  fiber  debond  length  would  result  in  a  fall  in  toughness 
of  the  composite.  The  measured  work  of  fracture  of  glass  fibers  in 
epoxy  is  280  kj/m^,  approximately ,  zuid  200  kJ/m^  after  storing  for  6  months. 
Tzble  III  shows  the  predicted  energy  terms  calculated  using  the  models 
of  fracture,  together  with  average  values  of  debond  length  zuid  pull-out 
length  of  the  glass  fibers  used  in  the  calculation.  In  the  mechzmism 
involving  debonding  and  slippage,  aging  has  approximately  halved  the 
value  of  the  post -debond  fiber  sliding  parameter.  The  agreement  between 
theoretical  energy  zuid  experimental  work  of  fracture  is  a  good  one. 


Glass  fibers  zuid  czurbon  fibers  in  epoxy 

Fractographlc  information  of  glass  fibers  in  a  hybrid  ccxnposite  is 
sumnarized  in  the  following  cumulative  probability  diagrams  (Figs.  18-20) . 
The  fiber  debond  length  data  do  not  superimpose,  and  increasing  the 
ratio  of  glass  fibers  to  czurbon  fibers  may  displace  the  data  to  the 
right  or  to  the  left  of  the  diagram  (Fig.  18) .  For  exan^le,  increasing 
the  glass  fiber  content  from  30  %  (by  vol.)  to  56  %  (by  vol.)  of  the 
total  fiber  content  shifts  the  data  from  low  values  of  fiber  debond 
length  to  high  values  of  fiber  debond  length;  increasing  the  glass  fiber 
content  by  a  further  7  %  (by  vol.)  moves  the  data  back  to  lower  values. 
Closer  examination  of  the  data  shows  the  subtle  effects  of  composition 
on  the  position  of  the  cumulative  probability  curve.  These  effects  will 
be  referred  to  later. 


CUMULATIVE  PROBABILITY 


0  1  2  3  L  5  6  7  8 


fmmj 

GLASS  FIBERS 


Fig.  16.  Extreme  value  distributions  of  lengths  of  debonded  glass  fibers 
in  epojqr  before  and  after  aging  for  6  months  at  18  (+  2)  °c, 

65  %  R.H.  ~ 


Fig.  17  Extreme  value  distributions  of  lengths  of  pulled  out  glass 
fibres  in  epoxy  before  and  after  aging  for  6  months  at 
18  (+2)  °C,  65  %  R.H. 
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These  predictions  cure  based  on  the  following  measurements: 
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Fig.  18  Extreme  valiae  distributions  of  lengths  of  dsbonded  glass 
fibers  in  hybrid  composites  (epoxy  matrix) . 
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In  contrast,  data  of  glass  fiber  pull-out  length  In  the  hybrid 

con^slte  are  almost  superimposed  (Fig .  X9) .  The  same  applies  to  the 

data  for  carbon  fibers  (Fig.  20).  Bach  ctmulatlve  probability  curve 

overlaps  with  one  another  emd  the  shape  and  position  of  the  curves 

eure  not  signlflczmtly  affected  by  variations  In  composition.  The  same  data 

plotted.  In  a  logarithmic  form  based  on  eq.  (11),  Is  used  to  determine  values 

of  m  and  1  (see  eq.  (15)  (Table  IV}.  Talcing  average  values  of  fiber  debond 
o 

length  and  fiber  pull-out  length  for  the  glass  fibers  and  carbon  fibers, 
combined  with  the  equations  of  fracture  energy,  we  can  estimate  the 
energy  dissipated  during  fracture  and  pull-out  of  both  kinds  of  fiber. 

In  this  case,  fracture  energy  Is  plotted  against  percentage  of  carbon 
fibers  In  the  hybrid  composite  (Figs.  21-26). 

Figure  21  shows  an  estimation  of  the  energy  dissipated  during  glass 
fiber-matrix  sliding  scx>n  after  the  bond  has  failed.  While  there  is 
an  overall  decrease  In  energy  as  the  ceurlson  fiber  content  increases, 
as  one  would  expect,  it  by  no  means  forms  a  llneeur  relationship. 

Certain  features  are  worth  pointing  out.  The  first  Is  that  after  a 
sharp  drop  in  energy  as  glass  fiber  Is  replaced  with  C2u:bon  fiber,  a 
plateau  Is  observed  up  to  40  %  (by  vol.)  of  carbon  fiber.  At  that  point, 
the  fracture  energy  actually  Increases  slightly  before  falling  to  zero 
as  the  remed.ning  glass  fibers  axe  replaced  with  carbon  fibers. 

Recalling  the  cumulative  probability  data,  we  realize  that  It  is  the 
effects  of  composition  on  glass  fiber  debond  length  and  the  subtle  balance 
between  debond  length  and  number  of  fibers  which  is  the  origin  of  the 
unexpected  shape  of  the  post-debond  sliding  energy  diagram.  The  small 
peak  in  the  diagram  at  44%  (by  vol.)  of  carbon  fiber  coincides  with  the 
large  displacement  of  the  cumulative  probability  data  to  higher  values 
of  glass  fiber  delsond  length. 

At  first  sight,  glass  fiber  debond  energy  decreases  llneeurly  with  an 
Increase  In  volume  fraction  of  carbon  fiber  (Fig.  >2).  Closer  inspection 
shows  a  shallow  curve  with  a  very  small  pezJc  at  44  %  (by  vol.)  of 
czurbon  fiber.  Minor  differences  in  shape  and  position  of  tlM  cumulative 
probability  curves  are  responsible  for  the  non-linear  behaviour. 

Slight  undulations  in  the  pull-out  curve  for  the  glass  fibers  can  also 
be  identified  with  minor  changes  in  shape  and  position  of  the  cumulative 
probability  curves  (Fig.  23) .  As  a  first  approximation,  the  glass  fiber 
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Fig.  19  Extreme  value  distributions  of  lengths  of  pulled  out 
glass  fibers  in  hybrid  ccmposites  (epoxy  matrix) . 
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Fig.  20  Extreme  value  distributions  of  lengths  of 
pulled  out  carbon  fibers  in  hybrid  compo¬ 
sites  (epoxy  matrix) . 
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TABLE  IV 

Values  of  m,  and  I  for  glass  fibers  and  ceurbon  fibers  In  epoxy  resin 


Ratio  of 
C/G 

Glass  fibers 
debonding 
(mm) 

mi  1 

o 

Glass  fibers 
pulling  out 
(mm). 

m  1 

o 

Carbon  fibers 
pulling  out 
(mm) 

ml  £ 

o 

0:100 

6.9 

5.6 

5.3 

2.4 

0.26 

0.23 

- 

- 

- 

13:87 

4.5 

4.9 

4.4 

2.0 

0.36 

0.25 

1.3 

0.35 

0.32 

23:77 

4.2 

4.9 

4.4 

2.1 

0.24 

0.22 

2.0 

0.31 

0.28 

37  :63 

5.3 

5.1 

4.7 

1.6 

0.24 

0.23 

2.0 

0.37 

0.32 

44:56 

5.8 

6.7 

5.9 

1.8 

0.32 

0.27 

2.4 

0.30 

0.33 

54:46 

9.1 

5.6 

5.3 

1.7 

0.30 

0.26 

2.6 

0.39 

0.34 

64:36 

4.8 

A.l 

4.3 

1.9 

0.31 

0.27 

2.2 

0.34 

0.31 

70:30 

5.0 

4.1 

3.8 

2.2 

0.31 

0.28 

2.2 

0.32 

0.28 

83:17 

2.3 

3.4 

0.21 

0.19 

2.2 

0.25 

0.22 

100:0 


2.4  0.31 


0.28 
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Fig.  21 


An  estimation  of  the  energy  dissipated  when 
a  glass  fiber  debonds  and  slides  in  its  matrix 
socket  in  a  hybrid  composite  system  (epoxy  matrix) 
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Fig.  22  An  estimation  of  the  release  of  stored  elastic  strain 
energy  when  a  debonded  glass  fiber  snaps  in  a  hybrid 
composite  system  (epoxy  matrix) . 
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Pig.  23  An  estimaticn  of  the  work  done  in  pulling  a  broken  glass 

fiber  out  of  a  cracked  matrix  in  a  hybrid  composite  system 
(epoxy  matrix) . 
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Fig.  24  An  estimation  of  the  work  done  in  pulling  a 
broken  carbon  fiber  out  of  a  cracked  matrix 
in  a  hybrid  composite  system  (epoxy  matrix) . 
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Fig,  25  Total  theoretical  fracture  energy  of  a  hybrid  composite 

system  determined  from  data  of  debonded  length  and  pull-out 
length  of  glass  fibers  and  cubon  fibers  in  epoxy,  together 
with  eq.  (15) , 
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debond  energy  and  glass  fiber  pull-out  energy  eu:e  directly  proportional 
to  the  amount  of  glass  fiber  In  the  composite,  as  one  would  expect  tram 
the  form  of  the  equations. 

Slmlleu:  undulations  In  the  caurbon  fiber  pull-out  energy  diagram 
originate  In  the  smed.!  differences  to  be  found  In  the  cumulative 
probeUolllty  data  (Fig.  24).  Ignoring  these  minor  effects,  the  pull-out 
energy  follows  a  llneau:  relationship  with  carbon  fiber  content,  as  one 
would  expect.  Figs.  25,  26  show  good  agreement  between  theory  and  experiment. 

Glass  fibers  and  carbon  fibers  In  polyester 

In  this  section,  we  present  work  of  fracture  data  of  a  hybrid  system 
with  a  polyester  matrix.  Cumulative  probability  diagrams  showing 
extreme  value  distributions  of  fiber  debond  lengths  and  fiber  pull-out 
lengths  have  been  constructed  and  replotted  In  logeurlthmlc  form  In  order 
to  determine  the  peurameters  m  and  1^.  Data  of  meeui  fiber  debond  length 
and  meem  fiber  pull-out  length,  together  with  the  models  of  mlcromecheuilsms 
of  fracture  are  used  to  estimate  the  energies  dissipated  during  crack 
propagation.  Where  possible,  comparisons  eure  mcule  between  the  fracture 
behaviour  of  the  two  hybrid  systems  Investigated  and  the  effect  of 
matrix  becomes  apparent. 

Figure  27  shows  the  experimental  work  of  fracture  data  for  the  two  hybrid 
systems.  Certain  features  of  the  curves  ue  apparent.  First,  the  general 
shape  of  the  curves  are  almllcur  and  second,  the  polyester  hybrid  composites 
have  work  of  fracture  vedues  ^Ich  are  about  50  %  higher  than  values 
obtained  for  the  epoxy  composites.  One  notlcezdile  exception  Is  the  datum 
point  for  the  glass  fiber-polyester;  In  this  case,  the  work  of  fracture 
Is  less  than  the  value  obtained  for  the  epoxy  composite.  Reference  to 
this  appeurent  anomaly  will  be  made  when  the  distribution  of  glass  fiber 
debond  lengths  Is  discussed. 

Figure  28  shows  the  distribution  of  glass  fiber  debond  lengths  as  a 
function  of  the  composition  of  the  hybrid.  As  we  observed  eund  reported 
earlier,  the  position  of  the  extreme  value  distribution  depends  upon  the 
ratio  of  cubon  fibers  to  glass  fibers.  Closer  examination  of  the  two 
diagrams  (Figs.  18  and  29  reveals  that  the  relationship  between  extreme 
vedue  distribution  euid  composition  Is  not  clear;  the  movenent  of 
cumulative  probability  curves  as  the  ratio  chemges  Is  not  consistent 
from  one  hybrid  system  to  the  other.  In  the  case  of  glass  fibers  In 
epoxy,  (without  carbon  fibers) ,  the  data  are  on  the  extreme  right  of  the 
diagram,  while  for  the  polyester  composite,  the  data  are  towards  the  extreme 
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Camp^u^lson  between  e^qjerimental  work  of  fracture  data  of  polyester 
and  epoxy  hybrid  ccmposite  systems. 
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Fig.  28  Extreme  value  distributions  of  debonded  lengths  of  glass  fibers 
In  hybrid  composites  (polyester  matrix) . 
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Fig,  29  Extreme  value  distributions  of  pulled  out  lengths 

of  glass  fibers  in  hybrid  composites  (polyester  matrix) . 
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left.  It  is  the  apparently  low  value  of  debonded  lengths  of 

glass  fiber  in  polyester  that  we  believe  is  responsible  for  the 

low  work  of  fracture  measurement  to  which  reference  was  made  ecurlier. 

Values  of  m,  and  i,  for  the  polyester  hybrid  composites  eure  listed 

in  T2Ut>le  V.  In  the  case  of  the  debonding  of  glass  fibers,  m  values 

are  slightly  higher  for  epoxy  tham  polyester,  while  I  values  are 

o 

essentially  independent  of  the  choice  of  matrix. 

For  the  extraction  of  broken  glass  fibers  from  their  matrix  sockets, 

values  of  m  are  simileur  for  the  two  resins,  while  I  values  are 

o 

slightly  higher  for  the  polyester.  In  the  pulling  out  of  carbon  fibers, 
values  of  m  2uid  are  less  for  the  epoxy  than  polyester.  The  indication 
is  that  the  interfacial  bond  strength  between  fiber  emd  matrix  is 
greater  for  the  epoxy  composite  and  the  toughness  is  correspondingly 
lower.  A  similar  observation  was  made  a  few  years  ago  by  Beaumont  zmd 
Heunrls  (7)  . 

Average  values  of  debond  length  and  pull-out  length  for  glass  fibers 
and  carbon  fibers,  given  in  Table  V,  were  used,  together  with  the  models 
of  fracture  to  predict  energies  of  post-debond  fiber  sliding,  fiber 
debonding  (elastic  deformational  energy) ,  and  fiber  pull-out. 

Estimations  of  these  energy  parameters  for  glass  fibers  and  ceurbon 
fibers  are  shown  in  Figures  31-36.  Certed.n  comments  can  be  made  emd 
generalisations  drawn  from  comparison  of  the  fracture  energy  diagrams 
(Figs.  27,  28,  35,  36) .  The  overall  shapes  of  the  theoretical  euid 
experimental  fracture  energy  cxirves  are  slmilau:;  emd  the  relative  order 
of  magnitudes  of  the  four  energy  parameters  eund  the  contribution  each  one 
makes  to  the  total  fracture  energy  or  toughness  of  the  ccmposite  cure  also 
alike.  The  shape  of  both  totail  theoretical  fracture  energy  curves  is 
dcxninated  by  the  post-debond  fiber  sliding  term  for  glass  fibers;  and  at  the 
carbon  fiber-rich  end  of  the  diagram,  the  pull-out  term  for  carbon  fibers 
is  important.  Ccw^aurison  between  the  theoretical  fracture  energy  and 
experimental  work  of  fracture  data  show  rem^u:k^d}le  similarities  in  shape 
and  magnitude.  For  glass  fibers,  the  post-debond  sliding  energy  term 
is  a  major  cootponent  of  the  total  fracture  energy,  vAiile  the  debonding 
energy  2uu3  pull-out  energy  terms  are  comparable  in  magnitude.  Together, 
debonding  and  pull-out  of  glass  fibers  contribute  no  more  them  one-quarter 
of  the  total  fracture  energy  of  the  hybrid  composite.  On  the  other 
hand,  carbon  fibers  were  not  observed  to  debond,  and  the  work  done  in 
extracting  them  from  a  cracked  matrix  can  be  successfully  equated  to 
the  fracture  energy  of  a  carbon  fiber  cM^site. 


TABLE  V 

Values  of  m,  emd  Z  for  carbon  fibers  2Uid  glass  fibers  In  polyester 


Ratio  of 
C/G 

m 

Glass  fibers 
debonding 
(bsq) 

i  T 

o 

Glass  fibers 
pulling  out 
(mm) 

ml  Z 

o 

Carbon  fibers 
pulling  out 
(mm) 

ml  1 

o 

0:100 

3.6 

5.2 

4.7 

2.5 

0.35 

0.31 

- 

- 

- 

23:77 

3.4 

6.6 

5.8 

2.0 

0.53 

0.45 

2.7 

0.42 

0.37 

37:63 

4.1 

5.1 

4.7 

2.7 

0.46 

0.41 

4.2 

0.48 

0.44 

64:36 

4.0 

6.7 

6.0 

2.8 

0.41 

0.37 

3.0 

0.42 

0.37 

70:30 

3.7 

5.3 

4.7 

2.5 

0.49 

0.43 

2.6 

0.38 

0.34 

100:0 

• 

- 

- 

2.7 

0.37 

0.33 
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Wbrk  of  fracture  of  structiiral  fibrous  composites 

Model  specimens  of  the  kind  used  In  this  study  can  be  used  to  estimate 
the  work  of  fracture  of  structural  fibrous  composites.  Consider,  for 
exanple,  a  structural  \inldirectlonal  glass  fiber  or  carbon  fiber 
composite,  fabricated  to  the  dimensions  of  the  model  composite,  20  mm  x 
10  nn  X  2  mm.  If  the  fiber  volume  fraction  is  0.5,  then  the  total 
cross-sectional  curea  of  the  fibers  is  10  x  10~^  m^.  In  a  model 
composite  containing  5 tbws  of  carbon  fiber,  for  instance,  the  total 
cross-sectioned,  eurea  of  the  fibers  is  1.4  x  10~^  m^,  approximately. 

There  eure  about  7  times  as  many  fibers  in  the  structural  composite 
compared  to  the  model  composite.  If  we  multiply  the  measured  fracture 
energy  of  the  model  ceurbon  fiber  composite  by  7  times,  and  in  the  case 
of  the  model  glass  fiber  composite  containing  5  strands  by  8.5  times, 
we  C2U1  estimate  the  work  done  in  breaking  the  structtiral  composite. 

The  work  of  fracture  of  the  structural  composite  is  calculated  by 
simply  dividing  the  estimated  work  to  break  the  specimen  by  twice  its 
cross-sectional  eurea.  Table  VI  lists  the  work  of  fractrire  of  several 
carbon  fiber  ^uld  glass  fiber  structural  composites  estimated  in  this 
way.  They  are  based  on  measurements  of  work  of  fracture  obtained  using 
the  model  composite  specimens.  These  values  are  very  close  to  measurements 
made  by  others  using  fracture  mechanics  specimens,  (see,  for  example, 

Harris  euid  Bimsell  (8)  and  Beaumont  euid  Phillips  (9)  ,  but  in  those  cases, 
a  detailed  failure  analysis  was  not  carried  out  and  would  have  been 
extremely  difficult  to  have  done  so. 

COMCLOSIOMS  BNP  IMPUCaVTIONS 

When  a  crack  passes  through  a  hybrid  composite,  the  glass  fibers  eure 
observed  to  debond  and  together  with  the  carbon  fibers  fracture,  pulling 
out  of  the  resin  as  the  surfaces  of  the  matrix  crack  open.  Models  based 
on  these  observations,  predict  the  energies  dissipated  when  a  debonded 
fibers  slides  in  its  socket,  snaps  and  pulls  out  of  the  matrix. 

Detailed  comparisons  of  experimental  data  combined  with  the  models  show 
that  the  post-debond  fiber  sliding  mechanism  is  primarily  responsible 
for  the  work  to  fracture  glass  fibers  in  epoxy  or  polyester  matrices, 
idille  the  fiber  pull-out  mechanism  accounts  for  the  fracture  energy  of 
carbon  fibers  in  epoxy  or  polyester  resins.  It  is  the  subtle  balance 
between  these  mechanisms  and  the  volume  fraction  of  the  carbon  fibers 
and  glass  fibers  in  the  hybrid  composite,  euvd  the  effects  of  composition 
upon  the  mechanisms  of  debonding  and  pull-out  where  lies  the  origins  of 
toughness  of  the  hybrid  fiber  systems. 


m 


GLASS  FIBER 

POST  DEBOND  SLIDING  ENERGY  (KJlm^) 


0  10  20  30  LO  50  60  70  80  90  100 
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Fig.  31  Estimation  of  the  energy  dissipated  when  a  glass  fiber  debonds 
and  slides  in  its  matrix  socket  in  a  hybrid  composite  system 
(polyester  matrix) . 


%  CARBON  FIBERS 


Fig.  32  Estimation  of  the  release  of  stored  elastic  strain  energy 
when  a  debonded  glass  fiber  snaps  in  a  hybrid  conposite 
system  (polyester  matrix) . 


GLASS  FIBER  PULL  OUT  ENERGY  {KJlm2) 


%  CAR  BON  FIBERS 


Fig.  33  Estimation  of  the  work  done  in  pulling  a  broken  glass  fiber  . 

out  of  its  matrix  socket'  in  a  hybrid  oonqposite  system  (poly¬ 
ester  matrix) . 


CARBON  FIBER  PULL  OUT  ENERGY (KJlm^) 
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Fig.  34  Estimation  of  the  work  dene  in  pulling  a  broken  cartxsn  fiber 

out  of  its  matrix  socket  in  a  h^rid  composite  system  (polyeste 
matrix) . 


TOTAL  FRACTURE  ENERGY  (KJlm2) 
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Fig.  35  Total  theoretical  fracture  energy  of  a  hybrid  composite 
system  (caurbon  and  glass  fibers  in  polyester) .  The 
points  represent  measured  work  of  fracture  data. 
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TMIE  VI 


Material 


Work  of  fracture  (kJ/m^) 


Carbon  flber/epoxy  48 
64%Carbon  £lber/36%glass  fiber /epoxy  75 
Glass  flber/epoxy  148 
Ceurbon  fiber/polyester  70 
64%Carbon  flber/3£%glass  fiber/polyester  118 
Glass  fiber/polyester  132 


(The  nominal  fiber  volume  fraction  Is  0.5) 
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